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ABSTRACT /60?O 

. Breakup times of l i q u i d  j e t s  i n  cross flow were measured i n  a shock tube. 
Three j e t  diameters (0,052, 0.0785, and 0.157 in , )  of the  l iqu ids  water, hep- 
tane, l i q u i d  oxygen, and three glycerol-water mixtures were studied. Breakup 

$1 time decreased monotonically with an increase i n  gas velocity. 
rr) cu 
w I A model based on mass removal from a l i q u i d  boundary layer  gives f a i r  

agreement with the  experimental data and permits quant i ta t ive estimates of 
breakup time or average mass removal ra te .  

With the  assumption that atomization i s  t h e . r a t e  controll ing process, it 
i s  shown how s imi l a r i t y  parameters of three combustion i n s t a b i l i t y  theories  
may be evaluated i n  terns of engine design variables.  

fl U T + O Z  
--- 

/ TNTRODUCTION 
/- 

The process of breakup and atomization, produced by shock waves act ing on 
l i q u i d  j e t s  or drops, may be important in  osc i l l a to ry  combustion (1) e i the r  as 
an i n i t i a t i n g  or a driving'mechanism. Information on the  r a t e  of t h i s  process 
should be helpful  whether the  osc i l la t ion  i s  t r ea t ed  as a perturbation on the  
mean vaporization r a t e  or aa  a heterogeneous detonation. 

Although the  l i t e r a t u r e  on atomizatiorr i s  voluminous, the  e f fec ts  pro- 
duced by shock waves have not been t rea ted  extensively. The primary i n t e r e s t  
has been i n  the  t'n;reshold conditions f o r  shat ter ing.  
ences (2,3,4) breakup times can be inferred from the  p i c t o r i a l  Seqxences pre- 
sented. 
indicated t h a t  mass i s  removed by formation of a l i q u i d  boundary layer  fo r  
flow conditions which a r e  not  too close t o  the  threshold for breakup. 

I n  several  r z f z r -  

Previous s tudies  ( $ , S i  of t'ne "u-e&,,q af v&er Jet.c, i n  shcsk tubes 

The purpose of this study was  t o  t e s t  the predicted e f fec ts  of l i q u i d  I 
I proper t ies  on breakup time. 

and l i q u i d  oxygen j e t s  were obtained i i i  the s m e  a p p r a t u s  used f o r  t he  water 
s tudies .  
the  possible  s ignif icance of j e t  breakup i n  osc i l la tory  combustion i s  a l so  
d l  s cus s ed . 

The breakup times fo r  heptane, glycerine water, 

The r e s u l t s  a r e  analyzed i n  terms of the boundary layer  model, and 

I 
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I n i t i a l  Nominal shock 
pressure Mach number 

r a t i o  (70° F) 

1.68 1 - 115 

2.63 1.225 
7.12 1.506 

14.61 1.725 

APPrnWS Am PEOCEDWE 

A schematic diagram of t h e  apparatus i s  shown i n  f igure  1. Except f o r  
. clle oxygen f low system, no changes were made from zhe system described i n  

reference 6. 
inches t o  provide a cross-sectional area about equal t o  t h a t  of t h e  3-inch- 
diameter schedule 40 pipe used f o r  the  r eminde r  of t h e  shock tube. 
l i q u i d  j e t  i s  in jec ted  v e r t i c a l l y  a t  a s t a t i o n  approximately 51.5 inches from 
t h e  diaphragm (16.7 d i a m )  and flows out through a 1.25-inch-diameter opening 
i n  the  f loo r  o f  t h e  t e s t  section. 
8 f ee t ,  which provided an act ion. t ime of approximately 15 milliseconds. 
Action t i m e  i s  t h e  t i m e  required f o r  the  pressure t o  decrease t o  one t h i r d  of 
i t s  i n i t i a l  value. 

The square tes t  sec t ion  has an in t e rna l  dhens ion  of 2.721 

The 

. The length of t h e  high-pressure sect ion was  

Diaphragm 
material 

Oiled onion- 
sk in  paper 

S o f t  brass . 
Sof t  brass 
Spring brass  

Wave speed was measwed by two barium-titanate b l a s t  gages located 2 f e e t  ' 

apar t ,  and pressure behind t h e  wave w a s  monitored by a s t r a i n  tube pressure 
transducer with a na tura l  frequency of about 25 ki locycles  and a range-& 

2 .k i locyc le  frequency f o r  t he  time base. 
a two-beam oscilloscope equipped with 100 ki locycle  chopping a.mp1ifler.s t o  
produce four  displays on a t i i e . sha r ing  basis .  

___ 
a 200 pounds per square inch. A sine-wave generator w a s  used zo-nrovide a 

These four s igna ls  were displayed by 

Back-lighted s t r eak  photographs were taken with a 35-millimeter shut te r -  
l e s s  high-speed camera a t  a f i lm  ve loc i ty  of approximately 990 inches per 
second. The t e s t  sect ion window facing the  camera was  masked, except fo r  an 
axial s l i t  0 .1 inch  wide and 14  inches long. The oscilloscope, operated i n  
the  unswept mode, w a s  photographed simultaneously by means of a a i r r o r  ar- 
rangement t o  provide a real t i m e  cor re la t ion  with t h e  p i c tu re  of t h e  breakup 
process. A 
t yp ica l  s t r eak  photograph i s  shown i n  figure 2. 
ing framing photograph i s  a l s o  shown. 

A 50 mill imzter f /2  l ens  was used with a demagnification of 11. 
For referenqe, a correspond- 

The i n i t i a l  pressure i n  the  t e s t  sec t ion  was one atmosphere, an2 four 
These 'values of i n i t i a l  pressure r a t i o  (across the  diaphragm) were used. 

values together with the  diaphragm materials are shown i n  the  following table .  

TABU I. EXPERIMENTAII SHOCK TUBE CONDITIO2<S , 

/ 
D i  aphr agm 
thickness 

0.0015 in .  
0.004 in.  

-007 in.  
I 

were ca lcu la ted  from the  
ceasured value of shock ve loc i ty  using t h e  one-dimensional wave equations (7) 
a t  a temperature of 70' F. initial air  
dens i ty  w a s  taken as 0.07488 pound per .cubic  foot, and air v i s c o s i t y  W a s  8s- 
sumed t o  be constant a t  1 . 2 0 5 ~ l O ' ~  pound per foot-second. 

Laboratory temperature w a s  70°+50 F. 

/ 
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Three j e t  diameters, 0.052, 0.0785, and 0.157 inch, were used with each 
of the  l iqu ids  water, heptane, oxygen, and three glycerol-water mixtures. 
With the  exception of oxygen, a l l  l iqu ids  were used a t  70° F. 
passed through a liquid-ni$rogen heat exchanger and then through a vacuum- 
jacketed l i n e  t o  the injector .  
of breakup time a re  given i n  the following table.  

The oxygen w a s  ' 

Properties of the  l iqu ids  used fo r  computation ' 

TABLE 11. PHYSICAL PROPERTIES OF LIQUIDS 

. Liquid I 
Water 
Heptane 

Surface tension, Density, 
lb/sec2 * / , l b / f t 3  

0.161 
.045 
.029 
160 

62 -4 
42.6 
71.2 
64.5 1 71-4 
75.9 

* Viscosity, 
lb/(  f t )  (sec) 

6 .  72X104 
2 . 745x104 
1.27x104 
a. 94~10-4 

The oxygen propert ies  were taken f o r  a temperature midway between the  normal 
boi l ing  points  of oxygen and nitrogen. 

_/-- - 
------ 

RESULTS AND DISCUSSION / 

Examples of the dependence of breakup time on gas veloci ty  a re  shown i n  
f igure  3. 
shock f ron t  and the t i m e  when no fur ther  change i n  ligament s t ruc ture  i s  ob- 
served. 
not used f o r  computational purposes, 
var ies  with the nature of the  f l u i d  andxLth the i n i t i a l  s i z e  of the jet. 
some cases, the  s c a t t e r  i s  appreciable and cannot be a t t r i bu ted  en t i r e ly  t o  
the  uncertainty of assessing the  termination point of the  breakup process 
from the  photographs. We have no explanation a t  t h i s  time fo r  t-hese occur- 
rences. The data  do ind ica te  the expected monotonic decrease i n  breakup time 
with an increase i n  velocity,  and there  is  no indicat ion of a lower l i m i t  for 
the  breakup time, 

Breakup time i s  'defined as the in t e rva l  between passage of the  

The l i n e s  drawn through the  points a r e  based on v isua l  f i t s  and were 

li? 
It is apparent, however, t h a t  the slope 8 

In a previous report  (6) it w a s  shown that a model based on the formation 
of a l i q u i d  sheet with mass removal f romthe  boundary layers  on both s ides  
gave reasonable agreement w i t h .  the  observed data  for water. 
removal rate may be wr i t ten  

The volumetric 

where 82 and Uz,ay a re  both functions of x. (AN. symbols a r e  defined i n  
symbol l ist .)  Assurmng constant L and free-stream velocity,  equation (1) 
nay be in tegra ted  (6)  t o  y i e ld  
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The appazent lengt!: of the  l i q u i d  sheet observed i n  these experiments 
, , could not be r e l a t e d  t o  a simple function of  Weber number and Reynolds number 

as w a s  done previously f o r  water. A dimensional analysis  and l e a s t  squares 
fit of t h e  data yielded the  following expression: 

I .  

- r  Figure 4 shows a p lo t  of t he  measured sheet length versus the  calculated value 
from equation (3).  

9 '  

Subst i tut ion of equation (3) i n  equation ( 2 )  y i e ids  

1 i- 8 . 2 3 ~ ~ 1 ' ~  (Re,) 418 ( Weo) 0.340 (')0-143 

(4) 

I n  recent  experiments at our laboratory,  however, Clark has shown t h a t  t he  
assumption of a f lat  sheet  of l i q u i d  i s  untenable. Two-dimensional photo- 
graphs indicate  t h a t  t he  l i q u i d  j e t  i Q  cross flow tends t o  deform s o  as t o  
approximate a segment of a l a rge r  cylinder. 
proximates a c i rcu lar  segment, as shown i n  the following sketch, a corrected 
surface length can be obtained ffom the  apparent length. 

Assuming t h e  cross sect ion ap- 

For 8 = 120°, which corresponds t o  the  pos i t ion  where the  dynamic pres- ' sure becomes zero, t he  corrected length,  L', i s  given by 
subs t i t u t ion  3,n equation (4) y i e lds  

L' = 2-09 L, and 

I n  f igu re  5 the measured values of the  breakup time, tb,  a r e  p lo t t ed  against  
t h e  values computed from equation (5).  The agreement i s  far from perfect .  



,The calculated values tend t o  be high for  long breakup times and sonewhat low 
f o r  low breakup times, espec ia l ly  f o r  the most viscous l iqu ids .  
l a t e d  times f o r  l i q u i d  oxygen were a l l  high, which may be due t o  cavi ta t ion of 
t he  j e t  or rap id  vaporization of the.deforming mass. 

The calm-* 

I 

I n  s p i t e  of obvious shortcomings, the model does appear to g i t ~  a reason- 
ab le  predict ion of brsakup time'as a function of experimental var iables  and 
may be used to ,pred ic t .convers ion  times i n  several  combustion i n s t a b i l i t y  
models. Also, subs t i t u t ion  i n  equation (1) of the  expressions f o r  6~ and 
UZ , av 
bass removal per  u n i t  length of l i q u i d  j e t :  

~ , *  

of reference 6 yields the  following expression f o r  t h e  average rate of 

For t h e  case where 8.23)(10'3(Reo)0*418(Weo) >> 1, equa- 
\ -  L /  

t i o n  (5) gives  the following dependence of t b  on the  individual  expe rhen ta l  
parameters : 

, This, expression 
analyses. (5,8) : 

Thus, whic,hever 

may be compared with results obtained from deformation 

t b  a "$$ U 

model i s  used, about t he  same qua l i t a t ive  dependence of  break- - 
up t i m e  on s i ze ,  veloci ty , .  and density i s  obtained. 

Penner (9) 
i n  sca l ing  from 
conversion t i m e  . 

APPLICATION TO COMBUSTION INSTABILITY 

has proposed that i n  order t o  maintain combustion s t a b i l i t y  
one rocket engine s i z e  t o  another, the r a t i o  of chemical 
t o  wave t i m e  should be held constant, tha t  is, 

x tiit, = constant 

If we assume that t h e  atomized l i q u i d  produced by the shock wave i s  rap id ly  
burned as compared with t h e  rate a t  which it i s  produced, then w e  may equate 
ti with tb.  For t he  t ransverse acoustic mode, cc r, where r i s  t h e  
combustion radius .  Applying equation (6) for a given l i q u i d  
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t 

= constant 
X a  R:-12 

ru  1.05p0.48 

4 , For a given magnitude! of perturbation, u, t he  Jet s i z e  shoidd be scaled 
approximately i n  proportion t o  the  combustor radius and the  square root  of t h e  
'pressure. The above expression a l s o  indicates  t h a t  i f  an engine i s  scaled t o  
a l a rge r  s i ze  while re ta in ing  constant values of Ro and p, the pe r tu rba t ion ,  
ve loc i ty  must be decreased i n  order t o  r e t a i n  s imi l a r i t y  with respect  t o  com- 
bust ion s t a b i l i t y .  This observation may have some bearing on t h e  in te rpre ta -  

I t i o n  of model motor.data f o r  a r t i f i c i a l  disturbances. 

- I  Crocco (10) by an e n t i r e l y  d i f f e ren t  approach has derived the  parameter 
Ts/& which must l i e  outside ce r t a in  l i m i t s  i n  order t o  achieve s t a b i l i t y .  
Obviously, i f  we make t h e  'same assumption about t he  r e l a t i o d  between 
imd t b  as we d id  with respect  .to ti, t h e  conclusions will be the  same as 
were derived from t h e  chemical conversion parameter'". 

. 

ys and ' 

A nonlinear so lu t ion  f o r  t h e  t ransverse acoustic mode of o s c i l l a t i o n  has 
For a vaporization l imi ted  model two parameters 

I 
been obtained by Priem (11). 
should be held constant i n  scal ing t o  r e t a i n  s t a b i l i t y :  
t h e  gas phase r e l a t i v e  t o  t h e  l i q u i d  phase and a heating rate number 

t h e  Mach number of 

. .  r m  @ E  - 
A 

If we assume t h a t  t h e  value of m i s  determined by t h e  atomization rate, 
t h a t  i s ,  atomized drops vaporize quickly compared with t h e  rate a t  which they 
a r e  produced, then the  r a t e  may be wr i t ten  

and 

I For a given l iqu id ,  subs t i t u t ion  of equation (6)  y i e lds  

1. 0SP0. 48 

O J  

.Tu 
@ e a  = constant 

~ 1 . 1 2 ~  .A 

No c l ea r  cut scal ing procedure i s  indicated here. If u and A can be 
maintained constant, then an increase i n  combustor radius  or  pressure or both 
m c s t  be conpensated f o r  by a corresponding increase i n  j e t  s i z e  and velocity.  
It should be pointed out t h a t  there  i s  a lower l i m i t  below which no breakup 
occurs ( 1 2 ) .  
low perturbat ion ve loc i t i e s  or r e l a t i v e  gas ve loc i t i e s .  

1 

Therefore, t he  previous discussion i s  not v a l i d  fo r  s u f f i c i e n t l y  

I 
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SUMMARY 
. 

Breakup times i n  a transverse gas flow have been measured i n  a shock tube 
I f o r  three s izes  of j e t s  of water, heptane, l i qu id  oxygen, and three  glycerol- 

water mixtures. 
t on ica l ly  w i t h  an increase i n  gas velocity. 

I n  all cases the  breakup time was  found t o  decrease mono- 

A model based on mass removal from a l iqu id  boundary layer  gives fair  
agreement w i t h  the observed values of breakup time. 
high values i n  the  range of long'breakup times ( t b  > 3 msec) and tends t o  
give low values f o r  shorter  breakup times ( t b  < 1 "ec), especial ly  for  the 
more vis'cous l iquids.  

The model tends t o  give 

With the assumption t h a t  l i qu id  breakup i s  the rate controll ing process, 
it i s  shown how s imi l a r i t y  parameters fo r  three d i f f e ren t  combustion i n s t a -  ----- 

-.----- 
/- , b i l i t y  theories  could be evaluated, 

The three  theories  a r e  consistent i n  showing tha t ,  when a l l  other factors  

. 
a re  held constant, j e t  radius-shoulP be scaled i n  proportion t o  the  combustor 

. rad ius  and the  squase root  of the combustion pressure i n  order t o  maintain 
similarity w i t h  respect  t o  s t ab i l i t y .  Furthermore, they a r e  consistent i n  

reduce s t a b i l i t y  since a smaller value of ,per turbat ion veloci ty  i s  required 
t o  maintain s imi la r i ty .  

, showing that scale-up without change i n  injector  radius or j e t  veloci ty  w i l l  , 

' SYMBOLS 

I A engine contraction r a t i o  

L length of li&.id sheet ' 

, L  heating paraneter 

M 

m 

R O  i n i t i a l  j e t  radius 

r c ombus t or  radius 

mass per un i t  length of j e t  

f r ac t ion  burned per un i t  length 

. 
Re0 Reynolds number based on Rot Roup/p 

t time 
L 

b r e a h p  t i m e  

chemical conversion time ti 

tw wave time 

U 

3, av 

gas ve loc i ty  behind shock wave 

ar i thmet ic  average veloci ty  *in l iquid boundary layer  

\ 
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volume per u n i t  length of j e t  

j e t  ve loc i ty  * 

Weber number based on 

distance along l i q u i d  sheet from stagnation point 

* 

* I pu2Ro 
Ro, Weo = - CI 

l i qu id  boundary layer  thickness 

gas v i scos i ty  

l i qu id  v iscos i ty  - 
kinematic viscosi ty ,  p/p 

l i q u i d  kinematic viscosi ty ,  p2/pz 

gas densi ty  behind shock wave 

l i q u i d  densi ty  

i n t e r f a c i a l  t ens ion  

average pressure sens i t i ve  t i m e  l a g  

r a t i o  of chemical conversion time t o  wave time 
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FIGURE 2 .  - EXAMPLES OF PHOTOGRAPHIC DATA OF J E T  BREAKUP. SHOCK 
VELOCITY, lG55f5 FEET PER SSCOND; G A S  VELOCITY, 732+5 FEET 
PER SECOND; tTET TJIAMETER, C.052 I N C H :  BREAKUP TIME. 1.1 
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